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Mitochondrial quality control systems sustain brain mitochondrial
bioenergetics in early stages of type 2 diabetes
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Abstract Mitochondria have a crucial role in the supply of
energy to the brain. Mitochondrial alterations can lead to
detrimental consequences on the function of brain cells and
are thought to have a pivotal role in the pathogenesis of
several neurologic disorders. This study was aimed to eval-
uate mitochondrial function, fusion—fission and biogenesis
and autophagy in brain cortex of 6-month-old Goto—Kaki-
zaki (GK) rats, an animal model of nonobese type 2 diabetes
(T2D). No statistically significant alterations were observed
in mitochondrial respiratory chain and oxidative phosphor-
ylation system. A significant decrease in the protein levels of
OPALl, a protein that facilitates mitochondrial fusion, was
observed in brain cortex of GK rats. Furthermore, a
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significant decrease in the protein levels of LC3-II and a
significant increase in protein levels of mTOR phosphory-
lated at serine residue 2448 were observed in GK rats sug-
gesting a suppression of autophagy in diabetic brain cortex.
No significant alterations were observed in the parameters
related to mitochondrial biogenesis. Altogether, these results
demonstrate that during the early stages of T2D, brain
mitochondrial function is maintained in part due to a delicate
balance between mitochondrial fusion—fission and biogen-
esis and autophagy. However, future studies are warranted to
evaluate the role of mitochondrial quality control pathways
in late stages of T2D.
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Introduction

Diabetes mellitus has become a worldwide epidemic with a
substantial social and economic burden [1]. As a matter of
fact, the prevalence of this disorder is rising dramatically,
being estimated that 370 million people worldwide will be
suffering from diabetes in 2030 [2]. Based on its etiology
and clinical presentation, diabetes is mainly categorized in
type 1 (T1D) or type 2 (T2D) diabetes [3]. T2D is the most
prevalent form of diabetes and is marked by chronic
hyperglycemia as a consequence of insulin resistance and
partial insulin deficiency [3]. Among the wide range of
chronic complications associated with diabetes, brain
degenerative events, cognitive deterioration and dementia
have assumed a pivotal importance in the last decades [4].
Particularly, diabetes is considered a major risk factor for
the development of Alzheimer’s and Parkinson’s diseases
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[5, 6]. While the mechanistic link between diabetes and
neurodegeneration remains enigmatic, scientific advances
revealed that mitochondria could be in the basis of this
interrelation [5-7]. In fact, mitochondria take center stage
in the brain since neurons have a limited glycolytic
capacity, making them highly dependent on aerobic oxi-
dative phosphorylation to fulfill their energetic require-
ments [8]. Aside from their role in ATP generation, these
organelles are also involved in the homeostasis of impor-
tant cellular second messengers such as reactive oxygen
species (ROS) and Ca®" as well as in the control of
apoptotic cell death [8].

To ensure the maintenance of a healthy mitochondrial
population, brain cells are equipped with mitochondrial
quality control systems to regulate mitochondrial shape,
function and mass. These mitochondrial quality control
systems include, but are not restricted to mitochondrial
fusion—fission, biogenesis and autophagy [9]. The frequent
and balanced cycles of fusion and fission are crucial for
neurons, given their unique architecture and special energy
and Ca®"-buffering requirements at the synapse [10]. The
core molecular machinery involved in mitochondrial fusion
includes optic atrophy 1 (OPA1) and mitofusins 1 and 2
(Mfnl and Mfn2, respectively). Whereas OPA 1 can be found
and is responsible for mitochondrial inner membrane fusion,
Mfnl and Mfn2 are found and are responsible for mito-
chondrial outer membrane fusion [11]. On the other hand,
dynamin-related protein 1 (DRP1) and fission protein 1
(Fisl) are involved in mitochondrial fission [11]. Degrada-
tion of mitochondria through autophagy, usually termed as
mitophagy, constitutes an important quality control process
that degrades damaged/dysfunctional mitochondria [12].

So far, the role of mitochondrial quality control mech-
anisms has not been investigated in the early stages of
diabetic brain. Taking into account that the maintenance of
a healthy mitochondrial pool is crucial for normal brain
functioning, the present study was aimed to uncover the
impact of moderate T2D on brain cortical mitochondrial
function, fission—fusion and biogenesis and autophagy. For
that, several parameters were determined in the brains of
6-month-old Goto—Kakizaki (GK) rats: respiratory chain
function, oxidative phosphorylation system, mitochondrial
fusion—fission proteins levels, mitochondrial mtDNA copy
number, protein levels of mitochondrial biogenesis-related
transcription factors and markers of autophagy.

Materials and methods
Reagents

Bacterial protease from Bacillus licheniformis—type VIII,
bovine serum albumin (BSA), phenylmethylsulfonyl
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fluoride (PMSF), dithiothreitol (DTT) and Tween 20 were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
Digitonin was obtained from Calbiochem. Polyvinylidene
difluoride (PVDF) Immobilon-P membranes were obtained
from Millipore (Billerica, MA, USA). Enhanced chemi-
fluorescence (ECF) reagent was obtained from Amersham
Biosciences (Little Chalfont, UK). All the other chemicals
used were of the highest grade of purity commercially
available.

Animals housing and treatment

GK and respective Wistar control rats were obtained from
our animal colony (Laboratory Research Center, Faculty of
Medicine, University of Coimbra) and maintained under
controlled light (12-h day/night cycle) and humidity with
ad libitum access to water and powdered rodent chow. GK
rats are nonobese and spontaneously diabetic animals
produced by selective breeding of Wistar rats. Following
procedures approved by the Federation of European Lab-
oratory Animal Science Associations (FELASA), fasted
6-month-old animals were sacrificed by decapitation.

Measurements of biochemical parameters

Blood glucose was determined immediately after sacrifice
by a glucose oxidase reaction, using a glucometer (Glu-
cometer-Elite, Bayer). Glycated hemoglobin (HbAlc)
levels were determined using Systems SYNCHRON CX 4
(Beckman). This system utilizes two cartridges, Hb and
Alc to determine Alc concentration as a percentage of the
total Hb. The hemoglobin is measured by a colorimetric
method and the Alc concentration by a turbidimetric im-
munoinhibition method.

Preparation of mitochondrial fraction

Brain cortical mitochondria were isolated from rats by the
method of Moreira et al. [13], using 0.02 % digitonin to
allow the release of mitochondria from the synaptosomal
fraction. Briefly, after animal decapitation, the cortex was
immediately separated and homogenized at 4 °C in 10 ml
of isolation medium (225 mM mannitol, 75 mM sucrose,
5 mM HEPES, 1 mM EGTA, 1 mg/ml BSA, pH 7.4)
containing 5 mg of the bacterial protease (Sigma). Single
brain homogenates were brought to 30 ml and then cen-
trifuged at 2,000g for 5 min. The resulting supernatant was
then centrifuged at 12,000g for 10 min. The pellet,
including the fluffy synaptosomal layer, was resuspended
in 10 ml of the isolation medium containing 0.02 % digi-
tonin and centrifuged at 12,000g for 10 min. The brown
mitochondrial pellet without the synaptosomal layer was
resuspended again in 10 ml of medium and centrifuged at
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12,000g for 5 min. The pellet was resuspended in 10 ml of
washing medium (225 mMmannitol, 75 mM sucrose,
5 mM HEPES, pH 7.4) and centrifuged at 12,000 g for
5 min. The final mitochondrial pellet was resuspended in
the washing medium and the protein amount determined by
the biuret method calibrated with BSA [14].

Measurements of mitochondrial respiration

Oxygen consumption of mitochondria was registered
polarographically with a Clark oxygen electrode [15]
connected to a suitable recorder in a thermostated water-
jacketed closed chamber with magnetic stirring. The
reactions were carried out at 30 °C in 1 ml of standard
respiratory medium (100 mM sucrose, 100 mM KClI,
2 mM KH,PO,, 5 mM Hepes and 10 uM EGTA; pH 7.4)
with 0.5 mg of protein. State 3 of respiration (consumption
of oxygen in the presence of substrate and ADP) was ini-
tiated with ADP (50 nmol/mg protein). States 3 and 4
(consumption of oxygen after ADP phosphorylation) of
respiration, respiratory control ratio (RCR = State 3/State
4) and ADP/O index (a marker of the mitochondrial ability
to couple oxygen consumption to ADP phosphorylation
during State 3 of respiration) were determined according to
Chance and Williams [16].

Measurements of A¥,,

The transmembrane potential (A¥,,) was monitored by
evaluating the transmembrane distribution of the lipophilic
cation TPP' (tetraphenylphosphonium) with a TPP'-
selective electrode prepared according to Kamo et al. [17]
using an Ag/AgCl-saturated electrode (Tacussel, model MI
402) as reference. TPP™ uptake has been measured from
the decreased TPP* concentration in the medium sensed by
the electrode. The potential difference between the selec-
tive electrode and the reference electrode was measured
with an electrometer and recorded continuously in a Linear
1200 recorder. The voltage response of the TPP™ electrode
to log[TPP*] was linear with a slope of 59 & 1, which is in
a good agreement with the Nernst equation. Reactions were
carried out in a chamber with magnetic stirring in 1 ml of
the standard medium (100 mM sucrose, 100 mM KCI,
2 mM KH,PO,, 5 mM Hepes and 10 pM EGTA; pH 7.4)
containing 3 uM TPP*. This TPP" concentration was
chosen in order to achieve high sensitivity in measurements
and to avoid possible toxic effects on mitochondria [18].
The AWV, was estimated by the equation: A¥Y,, (mV) = 59
log(v/V) — 59 1og(10*5%° — 1), as indicated by Kamo
et al. [17] and Muratsugu et al. [19]. v, V and AE stand for
mitochondrial volume, volume of the incubation medium
and deflection of the electrode potential from the baseline,
respectively. This equation was derived assuming that

TPP* distribution between the mitochondria and the
medium follows the Nernst equation and that the law of
mass conservation is applicable. A matrix volume of
1.1 pl/mg protein was assumed. No correction was made
for the “passive” binding contribution of TPP' to the
mitochondrial membranes, because the purpose of the
experiments was to show relative changes in potentials
rather than absolute values. As a consequence, we can
anticipate a slight overestimation on AY, values. How-
ever, the overestimation is only significant at A, values
below 90 mV, therefore, far from our measurements.
Mitochondria (0.5 mg/ml) were energized with 5 mM
succinate (substrate of complex II) in the presence of 2 pM
rotenone (inhibitor of complex I) in order to activate the
mitochondrial electron transport chain. After a steady-state
distribution of TPP'™ had been reached (ca. 1 min of
recording), AY,, fluctuations were recorded.

Protein extraction for Western blot analysis

Brain cortical tissue was homogenized in radio immuno-
precipitation assay (RIPA) buffer containing 0.1 M PMSF,
0.2 M DTT, and protease and phosphatase inhibitors
(commercial protease and phosphatase inhibitor cocktails
from Roche Applied Science). The crude homogenate was
incubated on ice for 15 min, frozen and defrozen 3 times to
favor disruption, centrifuged at 20,000g for 10 min, at
4 °C, and the resulting supernatant collected and stored at
—80 °C. The amount of protein content in the samples was
analyzed by the bicinchoninic acid (BCA) protein assay
using the BCA kit (Pierce Thermo Fisher Scientific,
Rockford, IL).

Western blot analysis

The samples (50-75 pg per lane) were resolved by elec-
trophoresis in 8-15 % sodium dodecyl sulfate (SDS)—poly-
acrylamide gels and transferred to PVDF membranes.
Nonspecific binding was blocked by gently agitating the
membranes in 5 % nonfat milk or 5 % BSA for phospho-
proteins and 0.05 % Tween in Tris-buffered saline (TBS) for
1 h at room temperature. The blots were subsequently
incubated with specific primary antibodies, overnight at
4 °C, with gentle agitation. Blots were washed three times
(15 min), with Tris buffer containing 0.05 % Tween (TBS-
T) and then were incubated with secondary antibodies for
1 h at room temperature with gentle agitation. After three
washes with TBS-T, specific bands of immunoreactive
proteins were visualized after membrane incubation with
ECF for 5 min in a VersaDoc Imaging System (Bio-Rad),
and the density of protein bands was calculated using the
Quantity One Program (Bio-Rad). The primary antibodies
used were: anti-Mfn1 (1:1,000; Santa Cruz Biotechnology);
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Table 1 Oligonucleotides and cycling conditions for qPCR amplifi-
cation of NDI and 2MG

Gene  Sequence (5'-3") AT  Amplificon C
(°C)  size (bp)
ND1 Sense: GAG CCC TAC GAG 58 271 30
CCG TTG CC
Antisense: GCG AATG GTC
CTG CGG CGT A
B2MG Sense: GCG TGG GAG GAG 58 264 30

CAT CAG GG

Antisense: CTC ATC ACC
ACC CCG GGG ACT

AT Annealing temperature, C number of cycles of amplification

anti-Mfn2 (1:1,000; Santa Cruz Biotechnology); anti-OPA1
(1:1,000; BD Biosciences); anti-Fis1 (1:750; Imgenex); anti-
DRP1 (1:1,000; BD Biosciences); anti-p*™®'® DRPI
(1:1,000; Cell Signaling); anti-mTOR (1:1,000; Cell Sig-
naling); anti—pSer2448 mTOR (1:1,000; Cell Signaling); anti-
Beclin 1 (1:1,000; BD Biosciences); anti-LC3-1I (1:1,000;
Sigma); anti-Parkin (1:1,000; Abcam); anti-p62 (1:1,000;
Sigma); anti-NRF1 (1:500; Santa Cruz Biotechnology); anti-
TFAM (1:1,000; Santa Cruz Biotechnology); anti-NDI
(1:500; Santa Cruz Biotechnology); anti-MTCOI (1:1,000;
Abcam); anti-beta actin (1:5,000; Sigma). The secondary
antibodies used were: anti-mouse IgG alkaline phosphatase
conjugate (1:10,000; Amersham Pharmacia Biotech); anti-
rabbit IgG alkaline phosphatase conjugate (1:10,000;
Amersham Pharmacia Biotech).

Total DNA extraction

Total DNA was extracted from tissues using the TRIzol
Reagent (Sigma-Aldrich) according to the manufacturer’s
instructions.

Determination of mtDNA Copy Number

Real-time qPCR analysis was performed to determine the
mtDNA copy number, as described by Fuke et al. [20] with

slight modifications. Relative quantification of mtDNA
levels was determined by the ratio of the mitochondrial

Table 2 Characterization of the experimental animals

NDI1 (mt-Nd1) gene to the single-copy, nuclear-encoded
beta-2-microglobulin (B2MG) gene. Reactions were car-
ried out in an iQ5 system (Bio-Rad), and efficiency of the
reactions was determined for the selected primers using
serial dilutions of DNA samples. Primer concentration and
annealing temperature were optimized, and the specificity
of the amplicons was determined by melting curve ana-
lysis. The reactions mixture consisted of Maxima SYBR
Green gPCR Master Mix (Fermentas), sense and antisense
primers (see Table 1 for details) and 20 ng of DNA. Each
reaction was run in triplicate to calculate relative mtDNA
copy number. Control (Ct) values of all samples were
within the linear range. Ct value differences were used to
quantify mtDNA copy number relative to the beta-2-
microglobulin gene with the following equation: Relative
copy number = 2, where ACt is Ctgomc — Ctapi-

Statistical analysis

Results are presented as mean + SEM of the indicated
number of animals. Statistical significance was determined
using the unpaired two-tailed student’s 7 test.

Results
Characterization of the experimental animals

As shown in Table 2, GK rats presented a significant
increase in HbAlc and postprandial glucose levels when
compared to the respective control rats, which confirms the
diabetic state of this animal model. Additionally, a marked
reduction in body weight was also detected in GK rats
(Table 2). No alterations in brain weight were observed
(Table 2).

T2D does not affect mitochondrial bioenergetics
in brain cortex

In a first approach to investigate the impact of T2D on
mitochondrial bioenergetic function, mitochondrial respi-
ration and oxidative phosphorylation were evaluated in
freshly isolated brain cortical mitochondria energized with

Body weight (g) Brain weight (g) Glycemia (mg/dl) HbAlc (%)
Wistar 461.8 £ 39.46 2.07 + 0.081 85.20 + 6.41 3.6 £ 0.04
GK 357.4 £ 17.47* 2.04 £ 0.192 208.20 £ 14.17%** 5.9 4 0.34%**

Data are the mean & SEM of 5 animals from each condition studied

* p < 0.05 when compared to the respective Wistar control rats

**% p < 0.001 when compared to the respective Wistar control rats
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Table 3 Effect of T2D in brain cortical mitochondrial respiratory
and oxidative phosphorylation parameters

Wistar GK
Respiratory parameters
RCR 353 £0567 2.673 £0.162
ADP/O (nmol ADP/nAtgO/min/ 1.52 £ 0389 1.571 £ 0.350
mg)

Membrane potential and oxidative phosphorylation

AY,, (—mV) 171.90 + 4.654 174.20 £ 0.726

ADP-induced depolarization 18.59 £ 0.339  19.27 £ 2.690
(=mV)

Lag phase (min) 1.57 £ 0.118 1.83 £ 0.300

Mitochondrial respiration and oxidative phosphorylation system
parameters were evaluated in freshly isolated brain cortical mito-
chondria (0.5 mg) in 1 ml of the reaction medium supplemented with
3 uM TPP" and energized with 5 mM succinate in the presence of
2 uM rotenone. Data are the mean £+ SEM of 3—4 animals from each
condition studied

succinate, a complex II substrate. Our results revealed that
mitochondrial coupling and oxidative phosphorylation
efficiency given by the RCR and ADP/O indexes,
respectively, remained unaltered in brain cortical mito-
chondria from GK rats when compared to the respective
control mitochondria (Table 3). A¥,, is generated through
the respiratory chain pumping of protons from the
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mitochondrial matrix to the intermembrane space. The
proton gradient originates an electrochemical potential
(Ap) resulting in a pH (ApH) and a voltage gradient
(AY,,) across the inner membrane. Lag phase represents
the time necessary to mitochondria phosphorylate the
exogenous ADP into ATP. As shown in Table 3, no
statistical differences were found in AY¥,,, ADP-induced
depolarization and lag phase of brain cortical mitochon-
dria from GK rats when compared to the respective
control mitochondria.

Mitochondrial fission prevails in the early stages
of T2D

Maintenance of mitochondrial functionality in response to
metabolic stress requires fission and fusion of these dynamic
organelles. Therefore, we next analyzed by Western blot the
levels of mitochondrial fusion (Mfn1, Mfn2 and OPA1) and
fission-related proteins (Fisl and DRP1). Interestingly, a
significant decrease in OPA1 protein levels was observed in
the brain cortex of GK rats when compared to the respective
control rats (Fig. 1C), whereas the levels of Mnf1 (Fig. 1A)
and Mnf2 (Fig. 1B) proteins remained unchanged. Con-
cerning the mitochondrial fission-related proteins, our
results revealed that the protein levels of Fisl (Fig. 2A) and
DRP1 phosphorylated at serine residue 616 (Fig. 2B)
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Fig. 1 Effect of T2D in the levels of mitochondrial fusion-related proteins: Mfnl (A), Mfn2 (B) and OPA1 (C). Data are the mean £ SEM of
8 GK and control animals. Statistical significance: **p < 0.01 when compared to the respective control rats
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Fig. 2 Effect of T2D in the levels of mitochondrial fission-related
proteins: Fisl (A) and p*™'>-DRPI/DRP1 (B). Data are the
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remained statistically unchanged in brain cortices of GK rats
when compared to the respective control rats.

Autophagy is decreased in the early stages of T2D

Autophagy is an essential pro-survival response to stress
conditions (e.g., nutrient limitation) that allow the mainte-
nance of cellular homeostasis by promoting the timely
turnover of long-lived proteins and organelles, including
mitochondria. However, under certain circumstances,
autophagy can also trigger a cell death program [21]. Given
this duality of autophagy and in an effort to dissect how
autophagy behaves under diabetic conditions, the next step
of this study was to determine the levels of some key proteins
(mTOR, Beclin 1, p62 and LC3) associated to the autophagic
process. Briefly, mMTOR and Beclin 1 exert opposite effects
on the regulation of autophagy. While mTOR acts a potent
repressor, Beclin 1 functions as an inducer of the autophagic
pathway. The autophagic substrate p62 binds directly to
LC3, which is known to be a classic marker of autophagy and
a participant in autophagosomal membrane elongation [21].

@ Springer

A significant decrease in LC3-II protein levels (Fig. 3C) was
detected in the brain cortex of GK rats when compared to the
respective control rats. Accordingly, GK rats exhibited a
significant increase in the active form of mTOR (p*™>***
mTOR/mTOR) (Fig. 3A). Meanwhile, beclin 1 (Fig. 3B)
and p62 (Fig. 3D) proteins levels remained unchanged in the
brain cortex of GK rats. Overall, these findings suggest that
in early stages of T2D, autophagy is decreased in the brain
cortex.

Mitochondrial biogenesis is maintained in early stages
of T2D

Preservation of normal mitochondrial function is known to
depend, in part, on mitochondrial biogenesis. In this con-
text, real-time PCR was used to quantify the copy number
ratio of mtDNA to nuclear DNA (nDNA) in brain cortex
samples. No significant alterations were observed in
mtDNA copy number (Fig. 4A). Also the protein levels of
a NDI1, a mitochondrial subunit coded by mtDNA
(Fig. 4B), and nuclear respiratory factor 1 (NRF1) and
mitochondrial transcription factor A (TFAM), two tran-
scription factors involved in mitochondrial biogenesis,
remained statistically unchanged in the brains of GK rats
when compared to the controls (Fig. 4C, D).

Discussion

Although the molecular basis underlying cognitive deteri-
oration and neurodegeneration in diabetes mellitus remains
elusive, it has been attributed a central role to mitochon-
drial dysfunction [5]. Due to the characteristics of GK rats
(nonobese, mild hyperglycemia and insulin resistance), the
present study extends our knowledge on the role of quality
control systems in the maintenance of mitochondrial bio-
energetics in the early stages of T2D. Particularly, this
study revealed that in the early stages of T2D: (1) mito-
chondrial fission prevails; (2) mitochondrial biogenesis is
maintained; and (3) autophagy decreases. Collectively,
these alterations seem to constitute an adaptive metabolic
strategy to preserve mitochondrial bioenergetic function
and restrict brain cells damage.

Within the brain, mitochondria regulate synaptic trans-
mission, neurotransmitter recycling, dendritic and axonal
transport, ion channels, and ion pump activity, which are
processes with high energetic requirements [22]. In this
sense, mitochondrial bioenergetic failure has been pin-
pointed as a mechanistic event underlying brain malfunc-
tion and neurodegeneration in diabetes mellitus [5]. Using
isolated brain cortical mitochondria from 6-month-old GK
rats, this study revealed that neither respiratory chain
function nor oxidative phosphorylation efficiency was
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compromised in early stages of T2D-like pathology
(Table 3). An age-related impairment of the respiratory
chain and an uncoupling of oxidative phosphorylation were
documented in brain mitochondria isolated from 12- to
24-month GK rats [23]. So, it is tempting to speculate that
in young T2D animals, compensatory mechanisms exist
involving mitochondrial quality control systems. Integra-
tion of mitochondrial fusion—fission, biogenesis and
autophagy forms a surveillance mechanism to maintain a
healthy mitochondrial population [12, 24]. Mitochondria
form a dynamic, interconnected network within a cell, and
frequent cycles of fusion and fission are crucial for mito-
chondrial respiration, mitochondrial trafficking and distri-
bution, formation and function of synapses and dendritic
spines, and mitochondrial quality control, particularly in
postmitotic cells such as neurons [25, 26]. A significant
decrease in OPA1 protein levels was observed in the brain
cortex of GK rats (Fig. 1C). This observation points for a
remodeling of brain mitochondrial network in T2D, where
the balance of mitochondrial fusion—fission events seems to
be shifted toward fission. The first evidence of an altered
mitochondrial structure in “diabetic neurons” was

provided by Schmeichel et al. [27]. Subsequent studies
revealed that dorsal root ganglia (DRG) neurons from a
T1D animal model or DGR neurons exposed to high glu-
cose levels exhibit smaller mitochondria as a consequence
of an excessive mitochondrial fragmentation/fission [28-
30]. Remarkably, Leinninger and collaborators [28]
sophisticatedly proposed that early mitochondrial fission
promoted by the up-regulation of DRP1 represents a pro-
tective or metabolic fission in order to cope with hyper-
glycemia. However, in a later stage, excessive
mitochondrial fission is associated with the activation of
Bim and Bax, culminating in apoptosis [28]. More recently,
it was also found an increase in the levels of mitochondrial
fission protein DRP1 in cultured DRG neurons made
insulin resistant by chronic exposure to hyperinsulinemic
conditions [31]. Under hyperglycemic conditions, mito-
chondrial fission is also increased in pancreatic-p cells,
hepatocytes, skeletal muscle cells and endothelial cells,
promoting the disruption of mitochondrial network and
accumulation of small mitochondria [32].

Mitochondrial fission is involved in mitochondrial
motility and efficient dissemination of energy across cell

@ Springer



20

Mol Cell Biochem (2014) 394:13-22

A
2500 -
£
S 2000 -
&
$ 1500 -
s
@ 1000
3
3 500 -
£
0
Q
1.5 A C
)
[$]
©
<& 1.0 A l
T8
m'U
z R
T 0.5
g
[e]
£
0.0
Q@ ot
68kpa  W— ‘ NRFL
22k0a | A S

1.5 1
_ "B
c
-
8
<& 1.0 -
< 8
Qo
Zx
© .
£ 0.5
o
£
0.0 Y
36 KDa |
42 KDa
1.5 1 D
=
-
§ T
@ 1.0 -
=8
< o
F 2
(] B
§ 0.5
o
£
0.0
Q@ ot
25 KDa -_—— o ‘ TEAM
42 KDa NN S— * Actin

Fig. 4 Effect of T2D in A mtDNA copy number and B protein levels of ND1, a mitochondrial subunit coded by mtDNA, and C NRF1 and
D TFAM, two transcription factors involved in mitochondrial biogenesis. Data are the mean + SEM of 5 animals from each condition

structure-metabolic fission [33]. Distressing fission or
fusion mechanisms either by inhibiting expression of the
fission protein DRP1 or by overexpressing the fusion pro-
tein Mfnl has been shown to prevent mitochondria from
distributing to synapses due to defective mitochondrial
trafficking, leading to the loss of mitochondria from den-
dritic spines and, consequently, to a reduction in synapse
formation [34-37]. Cardoso and collaborators [38] have
previously reported that synaptic integrity, given by the
protein levels of synaptophysin, is preserved in the brain
cortex of STZ-treated rats, a model of T1D. The mainte-
nance of synaptic integrity was also documented in animal
models of T2D [39]. Thereby, we hypothesize that mito-
chondrial fission could somehow facilitate the recruitment
and transport of mitochondria to critical subcellular com-
partments with high energy demand, such as synaptic ter-
minals, where these organelles remain stationary and
preserve synaptic and neuronal function and integrity, in
part by supplying ATP.

Mitochondrial fission together with autophagy form a
surveillance mechanism to maintain a pool of healthy

@ Springer

mitochondria by isolating and targeting damaged organ-
elles for removal [40]. Autophagy assumes particular
importance in postmitotic cells, such as neurons, since it
constitutes a way of “cleaning” cells from metabolic debris
[41]. During the last decade, autophagy has received
increasing attention due to its involvement in various
aspects of cell physiology, especially cell survival and
maintenance of energy homeostasis under conditions of
nutrient or energy deprivation—starvation [42]. However,
autophagy can also trigger cell death, underscoring its
nature as a double-edged sword that could be either pro-
tective or injurious depending on the cellular environment,
the nature and intensity of the stimulus, and the levels of
autophagy [43]. Our study revealed that autophagy is
decreased in GK rats. Particularly, it was observed a
decrease in LC3-II protein levels (Fig. 3C) and an increase
in the protein levels of mTOR phosphorylated at serine
residue 2448 (Fig. 3A). GK rats exhibit an insulin resistant
state that in an initial phase is accompanied by hyperin-
sulinemia resulting from a compensatory increase in insu-
lin secretion in response to increased insulin demand [44].
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Since insulin activates the class I phosphatidylinositol
3-kinase and mTOR not only to stimulate glucose uptake
and protein synthesis but also to inhibit autophagy, this
could be a possible explanation for the diminished
autophagy observed in the brain cortex of GK rats (Fig. 3)
[45]. It has been documented that diminished autophagy is
an adaptive response that limits cardiac dysfunction in T1D
[46]. Inhibition of autophagy is a beneficial adaptive
response that protects cardiomyocytes against high glucose
toxicity [47]. In accordance with our data, these authors
found that increased mTOR signaling underlies the inhi-
bition of autophagy [47].

Our observations also revealed no significant alterations
in mtDNA copy number and protein levels of NDI and
NRF1 and TFAM (Fig. 4). These results support the notion
that mitochondrial biogenesis is spared in the early stages
of T2D. According to our hypothesis, it was previously
demonstrated that mitochondrial biogenesis and function
are negatively affected by hyperglycemia in a time-
dependent manner [48].

Taken together, our results suggest that mitochondrial
fusion—fission and biogenesis and autophagy act as “mi-
tocheckpoints” to sustain brain mitochondrial bioenerget-
ics during the early stages of T2D in order to maintain
brain cells health. However, it is of utmost importance to
evaluate how these mechanisms interact during the pro-
gression of T2D. Within this scenario, future studies
involving the genetic manipulation of key proteins
involved in mitochondrial quality control will be crucial to
gain further insights on the role of these mechanisms
during the development of T2D.
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